This paper presents a novel magneto-optical isolator based on an ultra-wideband and high efficiency photonic crystals (PCs) waveguide and gyromagnetic ferrites. The three-dimensional numerical simulation finds that the photonic crystals waveguide's (PCW) transmission efficiency rises with its height and width. The corresponding experiments are performed by using a triangular lattice Al 2 O 3 dielectric posts array in 5G millimeter wave band. The measured transmission efficiency is up to 90.78% for the optimal PCs waveguide structure, which has ultra-wide operating bandwidth from 23.45 to 31.25 GHz. The magneto-optical isolator is designed by inserting two rectangular gyromagnetic ferrites into the PCs waveguide. Due to the contrast between the effective permeability of the left and right circular polarization waves passing through the magnetized ferrite sheets, the ferromagnetic resonance absorption of the forward and reverse waves is different. By using finite element method, the isolation is optimized to be 49.49 dB for the isolator and its relative bandwidth reaches 8.85%. The high isolation, broadband, and easy integration indicate that our designed magneto-optical isolator has significant advantage in 5G communication systems.
Introduction
Photonic crystals (PCs) can control the motion of photons because of their unique properties, such as photonic band-gap (PBG) and optical localization [1, 2] . PCs are considered to be the core of integrated optical communication in the future. PCs with PBG have many direct applications like mirror [3, 4] , grating [5] , and filters [6] . Based on optical localization, PCs with point or line defects have been extensively researched as the basis of high-quality resonator cavities [7, 8] and photonic crystals waveguide (PCW) [9, 10] .
Due to the emergence of PCW as a new transmission line, photonic integrated devices with PCW, such as circulators [11] [12] [13] , optical distributors [14, 15] , logical gates [16] , all-optical adders [17] , optical isolators [18, 19] , encoders [20] , and so on, are studied extensively. However, with the rapid development of photonic crystal integrated devices, more attention shall be paid to the problem of increased bit error rate because of nonlinear effect in large scale integrated optical path. Optical isolators have also been developed from the original one-dimensional photonic crystal reflections in the integrated optical path to reduce the bit error rate. Low-power transmission of the PCW can be used to avoid the occurrence of nonlinear effects in all-optical 8-to-3 encoder [20] . As we know, the 5G communication system is planned around 24 ~ 28 GHz by most nations and areas, which has broadband characteristic. Therefore, the research of broadband isolator based on low loss PCW has great significance to reduce the bit error rate and nonlinear effect of the communication system. In our previous work [21] , based on Faraday rotation effect, a four-ports double Y-shaped magneto-photonic crystal circulator was designed by using an ultra-wideband PCW for 5G communication system.
In this work, we focused on designing a broadband magneto-optical (MO) isolator by using the PCW and gyromagnetic materials, which is based on ferromagnetic resonance absorption effect. The MO isolator was formed by inserting two rectangular gyromagnetic ferrites into an ultra-wideband and high efficiency PCW that consisted of triangular lattice Al2O3 dielectric posts. Based on the three-dimensional (3D) numerical simulation, it was found that the transmission efficiency of the PCW rises with its height and width. The optimal PCW structure with high transmission efficiency of 90.78% and relative bandwidth of 28.71% was achieved by numerical simulation and experimental verification, which was be used to design the MO isolator in 5G millimeter waveband here. By investigating the influence of the ferrite sheets' size and position in the PCW on the performance of the isolator, the structural and performance parameters of the MO isolator were optimized. The isolation of the MO isolator was optimized to be 49.49 dB at 26.30 GHz by finite element method (FEM) and kept above 15 dB between 24.85 to 27.15 GHz (the relative bandwidth is 8.85%) with the best ferrite sheets' length L of 20 mm and position d of 1mm. The MO isolator also had an excellent forward transmission characteristic that the transmission efficiency kept above -3 dB in a wide frequency range from 22.00 to 27.40 GHz. The numerical results show that the MO isolator with broadband and high isolation can operate in the 24.85 to 27.15 GHz. If the photonic crystal devices are used to integrate 5G communication systems in the future, our design scheme will have potential application value.
Materials and Methods

Design of MO Isolator
As shown in Figure 1 , our MO isolator (Shenzhen University，Shenzhen, Guangdong, China) was formed by inserting two rectangular gyromagnetic ferrite sheets (red) into an ultra-wideband and high efficiency PCW (white). The PCW includes two triangle lattice photonic crystals (TLPCs) formed by Al2O3 dielectric post arrays. The dielectric post arrays fixed with high accuracy by the upper (transparent) and under (blue) aluminous panels in order to guarantee the TLPCs' PBG characteristic. The two ferrite sheets are clung onto the inside of the upper and under panels, respectively, which keep a distance of d from the boundary of the PCW. Four flange interfaces were designed at each side of the PCW to connect with the testing device. 
Ultra-Wideband PCW with PBG
In theory, the PCs' PBG characteristic decides the spectrum of the signal which can be propagated in the PCW. The section view of the MO isolator is shown in Figure 2 , in which the TLPCs' lattice constant a is 3.5 mm. The Al 2 O 3 posts' dielectric constant and radius r 0 are 9.2 and 1 mm, respectively. The width of the PCW is marked by w, which is the distance of the two TLPCs. The four ports marked Port 1, 2, 3, 4, respectively, are transmission ports and reflection ports. 
In theory, the PCs' PBG characteristic decides the spectrum of the signal which can be propagated in the PCW. The section view of the MO isolator is shown in Figure 2 , in which the TLPCs' lattice constant a is 3.5 mm. The Al2O3 posts' dielectric constant and radius r0 are 9.2 and 1 mm, respectively. The width of the PCW is marked by w, which is the distance of the two TLPCs. The four ports marked Port 1, 2, 3, 4, respectively, are transmission ports and reflection ports.
The PBG of the TLPCs is calculated to be 22.89 to 31.20 GHz like that in [21] and not repeated here. Theoretically, a signal within that frequency range can propagate stably in the PCW. In our previous work [21] , the transmission efficiency of the PCW rose when its width changed from 6.25 to 10.70 mm in the three-dimensional numerical simulation. The optimal PCW structure of 8.64 × 4.32 mm 2 was chosen to investigate its transmission characteristics. The transmission efficiency's variation of the PCW with frequency is calculated by FEM, and the numerical results show that there is an ultra-wide bandwidth of the PCW from 21.60 to 31.90 GHz, in which the transmission efficiency keeps above −3 dB (about 50%). In order to validate the aforementioned numerical results, the experiments were performed at the 5G millimeter wave band. The experimental verification of the PCW is described in detail in [21] and not repeated here. The variation of the PCW's transmission efficiency with frequency is shown in Figure 3 , which has subtracted the loss of the cables and connectors. In the experiments, the peak of transmission efficiency could reach 90.78% (−0.42 dB) and the operating bandwidth of the PCW was about 7.8 GHz. The transmission efficiency kept above -3 dB between 23.45 to 31.25 GHz, while the relative bandwidth was about 28.71%. This experiment not only verifies the high transmission efficiency and ultra-wideband characteristics of PCW but also provides a basis for developing a novel MO isolator. The PBG of the TLPCs is calculated to be 22.89 to 31.20 GHz like that in [21] and not repeated here. Theoretically, a signal within that frequency range can propagate stably in the PCW. In our previous work [21] , the transmission efficiency of the PCW rose when its width changed from 6.25 to 10.70 mm in the three-dimensional numerical simulation. The optimal PCW structure of 8.64 × 4.32 mm 2 was chosen to investigate its transmission characteristics.
The transmission efficiency's variation of the PCW with frequency is calculated by FEM, and the numerical results show that there is an ultra-wide bandwidth of the PCW from 21.60 to 31.90 GHz, in which the transmission efficiency keeps above −3 dB (about 50%). In order to validate the aforementioned numerical results, the experiments were performed at the 5G millimeter wave band. The experimental verification of the PCW is described in detail in [21] and not repeated here. The variation of the PCW's transmission efficiency with frequency is shown in Figure 3 , which has subtracted the loss of the cables and connectors.
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MO Isolator
Theoretical Model of MO Isolator
The transmission characteristics of the MO isolator were based on a Maxwell equation with permeability tensor [µ r ] like [21] :
In millimeter wave band, the gyromagnetic characteristic of ferrite magnetized by external DC magnetic field H 0 can be expressed as tensor permeability [µ r ], like [21] . The elements of tensor permeability using Hilbert type are expressed as follows:
where the loss coefficient α of NiZn Ferrite (ε r = 13.5) is generally chosen to be 0.05. The gyromagnetic ratio γ = 1.759 × 10 11 C/kg, while saturation magnetization M s = 2.39 × 10 5 A/m. Our MO isolator adopted a similar design to that of H-plane rectangular waveguide resonance isolator, as shown in Figure 4a . A resonance isolator works on the utilization of the fact that at certain regions x = x 1 and x = b − x 1 in the waveguide's cross section, and the magnetic vector is circularly polarized with one sense of rotation for wave propagation in the forward direction and an opposite sense of rotation for the reverse propagation. In the E-plane resonance isolator, the gyromagnetic phenomena in ferrite is also understood in terms of the circularly polarized components of the magnetic field [22] .
The transmission characteristics of the MO isolator were based on a Maxwell equation with permeability tensor [μr] like [21] :
In millimeter wave band, the gyromagnetic characteristic of ferrite magnetized by external DC magnetic field H0 can be expressed as tensor permeability [μr], like [21] . The elements of tensor permeability using Hilbert type are expressed as follows:
where the loss coefficient α of NiZn Ferrite (εr = 13.5) is generally chosen to be 0.05. The gyromagnetic ratio γ = 1.759 × 10 11 C/kg, while saturation magnetization Ms = 2.39 × 10 5 A/m. Our MO isolator adopted a similar design to that of H-plane rectangular waveguide resonance isolator, as shown in Figure 4a . A resonance isolator works on the utilization of the fact that at certain regions x = x1 and x = b − x1 in the waveguide's cross section, and the magnetic vector is circularly polarized with one sense of rotation for wave propagation in the forward direction and an opposite sense of rotation for the reverse propagation. In the E-plane resonance isolator, the gyromagnetic phenomena in ferrite is also understood in terms of the circularly polarized components of the magnetic field [22] .
In microwave engineering, the effective permeability of right or left circular polarization waves in the magnetized NiZn ferrite sheets is expressed as follows:
When the loss of ferrite is considered in Equation (2-3), the effective permeability μ± of right or left circular polarized magnetic field has an imaginary part that represents the loss in Equation (6) . The variations of the real part μ ' ± and the imaginary part μ '' ± of the effective permeability with ω/ω0 are, respectively, shown in Figure 4b ,c. The effective permeability of the right or left circular polarization waves passing through the magnetized ferrite is introduced in detail in reference [23] . In microwave engineering, the effective permeability of right or left circular polarization waves in the magnetized NiZn ferrite sheets is expressed as follows:
When the loss of ferrite is considered in Equations (2) and (3), the effective permeability µ ± of right or left circular polarized magnetic field has an imaginary part that represents the loss in Equation (6). The variations of the real part µ ± and the imaginary part µ ± of the effective permeability with ω/ω 0 are, respectively, shown in Figure 4b ,c. The effective permeability of the right or left circular polarization waves passing through the magnetized ferrite is introduced in detail in reference [23] . The resonance isolator can work at the resonance condition ω = ω 0 under a biasing field H 0 . This results in the near-resonance absorption of the backward traveling waves due to a fairly large imaginary part of the effective permeability observed by those waves. The forward waves, observing a quite small imaginary part of the effective permeability, experience a relatively low loss propagation, resulting therefore in the one-way transmission function of the isolator. Some typical configurations of the resonance isolator were introduced in detail in [23] .
Similarly, the MO isolator in Figure 1 is designed according to the feature of the H-plane rectangular waveguide resonance isolator. We assume that the field vectors of the TE 10 mode satisfy the condition of H x /H z = ±j when the ferrite sheets are placed at the same position x = x 1 like [23] . The TE 10 mode launched from Port 2 in Figure 2 is a right circular polarization wave for the direction of H 0 . Because the effective permeability µ + of the right circular polarization wave has a large imaginary part of µ + , this results in obvious ferromagnetic resonance absorption of the traveling wave. However, the forward wave launched from Port 1 in Figure 2 is a left circular polarization wave for the direction of H 0 . Because the effective permeability µ − of the left circular polarization wave has a small imaginary part of µ − , the energy of the electromagnetic wave is attenuated so little that it can be propagated to the output Port 2.
Numerical Results
When external magnetic field H 0 = 7.4 × 10 5 A/m is applied on the two rectangular ferrite sheets, with length, width, and thickness of L = 20 mm, M = 1.5 mm, and N = 0.5 mm, respectively, the function of the MO isolator is calculated by FEM, as shown in Figure 5 . The electromagnetic field propagations are simulated at the central frequency of 26 GHz with scattering boundary condition (SBC).
This results in the near-resonance absorption of the backward traveling waves due to a fairly large imaginary part of the effective permeability observed by those waves. The forward waves, observing a quite small imaginary part of the effective permeability, experience a relatively low loss propagation, resulting therefore in the one-way transmission function of the isolator. Some typical configurations of the resonance isolator were introduced in detail in [23] .
Similarly, the MO isolator in Figure 1 is designed according to the feature of the H-plane rectangular waveguide resonance isolator. We assume that the field vectors of the TE10 mode satisfy the condition of Hx/Hz = ±j when the ferrite sheets are placed at the same position x = x1 like [23] . The TE10 mode launched from Port 2 in Figure 2 is a right circular polarization wave for the direction of H0. Because the effective permeability μ+ of the right circular polarization wave has a large imaginary part of μ '' +, this results in obvious ferromagnetic resonance absorption of the traveling wave. However, the forward wave launched from Port 1 in Figure 2 is a left circular polarization wave for the direction of H0. Because the effective permeability μ-of the left circular polarization wave has a small imaginary part of μ '' -, the energy of the electromagnetic wave is attenuated so little that it can be propagated to the output Port 2.
When external magnetic field H0 = 7.4 × 10 5 A/m is applied on the two rectangular ferrite sheets, with length, width, and thickness of L = 20 mm, M = 1.5 mm, and N = 0.5 mm, respectively, the function of the MO isolator is calculated by FEM, as shown in Figure 5 . The electromagnetic field propagations are simulated at the central frequency of 26 GHz with scattering boundary condition (SBC).
As shown in Figure 5a , a signal launched from the input port (Port 1) is transmitted stably to the transmission port (Port 2). Irreversibly, when a signal is launched form Port 2, the power of the signal is lost by the ferromagnetic resonance, and Port 1 is isolated, as shown in Figure 5b . The MO isolator's function of one-way transmission and reverse isolation are perfectly implemented. In Figure 6 , the transmission characteristics of the MO isolator are also numerically investigated within the frequency range from 22 to 28 GHz, which is totally included in the PBG mentioned above. As shown in Figure 5a , a signal launched from the input port (Port 1) is transmitted stably to the transmission port (Port 2). Irreversibly, when a signal is launched form Port 2, the power of the signal is lost by the ferromagnetic resonance, and Port 1 is isolated, as shown in Figure 5b . The MO isolator's function of one-way transmission and reverse isolation are perfectly implemented. In Figure 6 , the transmission characteristics of the MO isolator are also numerically investigated within the frequency range from 22 to 28 GHz, which is totally included in the PBG mentioned above.
The numerical results show that the isolation of the MO isolator is optimized to be 49.49 dB at 26.30 GHz by finite element method (FEM) and keeps above 15 dB between 24.85 to 27.15 GHz (the relative bandwidth is about 8.85%). The MO isolator also has an excellent forward transmission characteristic that the transmission efficiency keeps above −3 dB in a wide frequency range from 22.00 to 27.40 GHz. The reflections (S 11 , S 22 ) of the two ports are both little, which keep below −20 dB in the whole frequency range, as shown in Figure 6 . Figure 6 . The variation of transmission characteristics of MO isolator with frequency.
Disscusion
In order to optimize the performance of the MO isolator, we will discuss the effect of ferrite structure parameters on the performance of MO isolator. When the length L of the two ferrite sheets is increased, the positive transmission efficiency of the MO isolator does not obviously change. But the reversed isolation peak of the isolator has a sharp rise with the increasing length, as shown in Figure 7a . When the length of the ferrite sheets increases from 14 to 20 mm, the isolation peak rises gradually from 34.58 to 49.49 dB, and the bandwidth is also broadened 27.28%. The improvements of the MO isolator's isolation and bandwidth are owed to its unique working principle because the operational principle of our designed MO isolator is the ferromagnetic resonance absorption principle, where longer ferrite sheets can lead to more energy absorption. Thus, the reverse isolation of the MO isolator increases with the length of the ferrite sheets. The operating bandwidth (isolation > 15 dB) of the MO isolator is broadened to be 24.85 to 27.15 GHz in Figure 7a , when the length L of the two ferrite sheets increases to be 20 mm.
Because the forward and reverse attenuation constant of the isolator is related to the size and position of ferrites [24] , the optimization design generally minimizes forward attenuation which determined by the position of the ferrites. The H-plane rectangular waveguide resonance isolators were also improved by using ferrites with different materials, structures, and positions [25] . When the distance between the two ferrite sheets and the narrow-edge of waveguide is increasing from 5.59 to 5.84 mm, the loss of the isolator is decreasing, which has been investigated for improving the performance of the isolator in [25] . Thus, we tried to change the position of ferrite sheets in the PCW to optimize the forward transmission efficiency in this work.
In the frequency range of 24.5 to 27.15 GHz corresponding to the bandwidth of the MO isolator mentioned above, the transmission efficiencies' variation of the isolator are related to the distance d between the ferrite sheets and the boundary of PCW, as shown in Figure 7b . When the distance d deviating from 1 mm increases to 1.4 mm or decreases to 0.6 mm, the transmission efficiencies significantly reduced. However, the distance d hardly influences the isolators' isolation, which is slightly increasing when the distance is changing from 0.6 to 1.4 mm, as shown in Figure 7c . So the optimal distance between the ferrite sheets and the boundary of PCW is 1 mm. Therefore, the transmission performance of the designed MO isolator can be optimized by finding the most appropriate resonant distance.
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Conclusions
In this work, a novel MO isolator was proposed based on a high efficiency PCW and two gyromagnetic ferrites. The optimal PCW structure with ultra-wideband characteristic was realized by 3D numerical simulation and experimental verification. The MO isolator was designed by inserting two rectangular gyromagnetic ferrite sheets into the low loss PCW. By using finite element method, the isolation was optimized to be 49.49 dB for the isolator, and its relative bandwidth reaches 8.85%. Furthermore, the effects of ferrite structure parameters on the performance of MO isolator were discussed. The bandwidth of the isolator was broadened to be 24.85 to 27.15 GHz by increasing the length of the ferrite sheets. When the distance between the ferrite sheets and the boundary of PCW was optimized to be 1 mm, the designed MO isolator had an excellent transmission performance.
It should be noted that our MO isolator is relatively simple and easily made. The excellent performance of the PCW and low material loss demonstrate that TLPCs using Al 2 O 3 posts is a promising method for generating an MO isolator or other devices, such as PCs circulators [21, 26] , in the future integrated communication system. Our designed MO isolator with high isolation and wide bandwidth also provides a potential and feasible scheme for the current research hotspot of 5G communication systems. But the difficulty of processing the ferrite sheets assuredly increases due to the friability of the ferrite, especially when the thickness of the ferrite sheets is too thin, i.e., only 0.5 mm, to be processed by the existing machining partners. In our further work, we may verify the MO isolator by experiments, if we find the high precision laser processing technology similar to [27] , which allows to produce cm-scale arbitrary three-dimensional nanostructures with 100 nm feature sizes inside large crystals in the absence of brittle fracture.
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